1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Leuk Lymphoma. 2010 October ; 51(10): 1805-1815. doi:10.3109/10428194.2010.496506.

Ribavirin as an anti-cancer therapy: Acute Myeloid Leukemia and
beyond?

Katherine L.B. Borden™ and Biljana Culjkovic-Kraljacic
Institute of Research in Immunology and Cancer (IRIC), Department of Pathology and Cell Biology,
Université de Montréal, Pavillion Marcelle-Coutu, Chemin Polytechnique, Montreal, QC, Canada

Abstract

Ribavirin was discovered nearly 40 years as a broad-spectrum anti-viral drug. Recent data suggest
that ribavirin may also be an effective cancer therapy. In this case, ribavirin targets an oncogene, the
eukaryotic translation initiation factor elF4E, elevated in approximately 30% of cancers including
many leukemias and lymphomas. Specifically, ribavirin impedes elF4E mediated oncogenic
transformation by acting as an inhibitor of elF4E. In a Phase Il clinical trial, ribavirin treatment led
to substantial clinical benefit in poor prognosis acute myeloid leukemia (AML) patients. Here
molecular targeting of elF4E correlated with clinical response. Ribavirin also targets a key enzyme
in the guanosine biosynthetic pathway, inosine monophosphate dehydrogenase (IMPDH), and also,
modulates immunity. Parallels with known anti-viral mechanisms could be informative; however
after 40 years, these are not entirely clear. The anti-viral effects of ribavirin appear cell type specific.
This variation likely arises for many reasons including cell specific variations in ribavirin metabolism
as well as virus specific factors. Thus, it seems that the mechanisms for ribavirin action in cancer
therapy may also vary in terms of the cancer/tissue under study. Here we review the anticancer
activities of ribavirin and discuss the possible utility of incorporating ribavirin into diverse cancer
therapeutic regimens.

Keywords
elF4E; leukemia; translation; mMRNA export

Introduction

Ribavirin (1-B-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) has been widely used for the
treatment of virus infections. Its activities against RNA and DNA viruses were first described
nearly 40 years ago[1]. In combination with interferon, it has become part of the standard of
care for the treatment of Hepatitis C infection (reviewed in [2,3]). Initially, it was hoped that
ribavirin would be clinically beneficial in a wide variety of virus infections. However, outside
of Hepatitis C, its clinical utility is limited. The precise mechanisms by which ribavirin exerts
its antiviral effects are still not fully known [2,4,5].

Recently there has been renewed interest in ribavirin and its effects in cancer cells. Clinical
and pre-clinical studies demonstrated that ribavirin inhibits the activities of an oncogene, the
eukaryotic translation initiation factor elF4E[6-9]. In this setting, ribavirin treatment led to
significant clinical improvement in poor prognosis acute myeloid leukemia (AML) patients,
including complete and partial remissions[8]. The success of this trial has led to the opening
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of a second trial combining ribavirin with low dose cytarabine in the same patient population
(ClinicalTrials.gov NTC01056523). Our analysis of cancers characterized by elevated elF4E
(Table 1), particularly in light of the 2009 Cancer Statistic report [10], suggests that
approximately 30% of cancers have elevated elF4E. This is consistent with previous estimates
of dysregulated translation factors [11]. This observation suggests that ribavirin may lead to
clinical benefit beyond AML [12]. The mechanism of action of ribavirin as an antiviral drug
has been discussed in many comprehensive reviews and so will not be covered here [2,4,5].
Rather, we will focus on the mechanisms of action of ribavirin against cancer cells. In
particular, we will review the effects of ribavirin on elF4E, on inosine monophosphate
dehydrogenase (IMPDH) and on immunity. The effects of specific features of ribavirin
metabolism and the potential impact on the modes of action of ribavirin are also discussed. We
will start with a brief introduction to elF4E.

elF4E and cancer

elF4E isapotent oncogene which is elevated in approximately 30% of human cancers including
Hodgkin and non-Hodgkin Lymphomas, in blast crisis (but not chronic phase) chronic
myelogenous leukemia (CML), and in M4 and M5 subtypes of AML as well as cancers of the
breast, prostate, lung, head and neck, and colon (see Table I). In many cases, elF4E levels are
elevated only in a subset of each type of cancer, e.g. in about 50% of breast cancers. In contrast,
it is elevated in nearly 100% of head and neck cancers. For M4/M5 AML, elFAE levels have
been elevated in all of the specimens we examined (44/44) ([6,8,13,14] and unpublished
observations). We also examined elF4E levels in primary specimens from other hematological
malignancy with the following results: 2/22 elevated in M1/M2; 7/7 blast crisis CML; 0/2
chronic phase CML (patients matched to two of the preceding blast crisis); 3/3 multiple
myeloma; 3/3 MDS; 0/3 APL; 1/8 in B-ALL and 0/5 CD34+ or PBMCs isolated from healthy
volunteers ([6,8,13,14] and unpublished observations). In all cases elevation was
approximately 3-12+ fold. In general, elevated elFAE levels are correlated with poor prognosis

[8].

Elevated levels of elF4E likely contribute to the oncogenic process [8]. In transgenic mouse
models, elF4E overexpression leads to the generation of tumours of distinct histological origins
[15,16]. In xenograft mouse models, elF4E overexpression leads to increased number of
tumours and increased invasion [17-19]. Overexpression of elF4E in cell lines leads to
oncogenic transformation and also permits evasion of apoptosis in several contexts [20-22].

Biochemically, elF4E acts at two (at least) levels of gene expression: mRNA translation and
MRNA export (reviewed in [8,23]). In the cytoplasm, elF4E binds the 7-methyl guanosine cap
(m’G cap) moiety on the 5’ end of MRNA and recruits the mRNA to the translation machinery.
elF4E requires its ability to bind the m’G cap in order to transform cells[24]. Importantly, not
all transcripts are equally sensitive to elF4E. For instance, elF4E overexpression does not lead
to increased translation of all proteins, but only those with complex 5" UTRs. These transcripts
are referred to as elF4E sensitive. Many of these encode proteins involved in proliferation and
angiogenesis such as c-myc and VEGF. In the nucleus, elF4E promotes the export of a subset
of mRNAs that contain a 50-nucleotide element known as the elF4E sensitivity element (4E-
SE) in the 3' UTR. Here, elFAE must also associate with the m’G cap on the transcript.
Transcripts controlled at this level also encode for genes associated with enhanced proliferation
including cyclin D1 and mdm2. Some transcripts, such as c-myc and ODC, are sensitive to
elF4E at both the translation and mRNA export levels. The localization of elF4E can change
dramatically depending on the subcellular context [25], and thus the effects of elF4E on gene
expression will also be sensitive to such effects. Thus, the final pattern of gene expression
changes occurring upon elF4E overexpression will depend on many factors including cell type,
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time from response, localization, presence/absence of proteins that modify elFAE function such
as BP1, PML, HoxA9, PRH/Hex etc [14,26-28].

Ribavirin and the inhibition of elF4E

There are a wide variety of cellular mechanisms to inhibit elFAE activity [12]. One such
mechanism includes a nearly 100-fold reduction of the affinity of elF4E for the m’G cap by
the promyelocytic leukemia protein PML or by the arenaviral protein Z [24,28-30]. Further,
mutation of the cap binding site abrogates the transformation potential of elFAE [24]. Thus,
the use of competitive inhibitors for elF4E function seemed a reasonable approach. Previous
biophysical studies demonstrated that ribavirin, and its active metabolite ribavirin triphosphate
(RTP), bind elF4E in or around the m’G cap-binding site[6,7]. A battery of biophysical
methods demonstrated binding including: mass spectrometry, fluorescence, cap competition
chromatography and NMR. The affinity is estimated to be around 10 uM for ribavirin and 0.2
uM for RTP. These assays were done in vitro, and it is equally important to show that ribavirin
or RTP can associate with elF4E in cells. Note that low micromolar levels of RTP are readily
achievable intracellularly (see below). Ribavirin treatment led to reduced association of
endogenous elF4E with endogenous export target mMRNAS in the nuclear lysates of NIH 3T3
cells [6]. Direct evidence that ribavirin binds elF4E in living cells comes from
immunoprecipitation studies (Figure 1). Here, 0.7 uM 3H ribavirin was incubated with cells
for 24 hours, then cells were briefly formaldehyde cross-linked, lysed and immunoprecipitated
using an anti-elF4E antibody. Results show a 12 fold enrichment of 3H ribavirin in the elF4E
immunoprecipitated fraction versus the 1gG control. Together, these experiments strongly
suggest that ribavirin directly binds elF4E, in or near the cap binding site, successfully
competing for cap binding in vitro and in living cells.

The biophysical underpinnings of the elF4E-RTP interaction remain to be determined.
Traditionally, ligands that bind elF4E carry a positive charge so that they can intercalate
between two tryptophan residues [31]. However, a recent study reported the crystal structure
of elF4E complexed to glycerol, a neutral molecule [32] suggesting that elF4E can bind small
molecules via other modalities. Thus, the biophysical forces driving interactions of ligands
with elF4E appear more diverse than previously thought. We hypothesized that N4 in the
triazole ring of RTP can be protonated leading to a positively (or partially positively) charged
moiety and thus can act as a physical mimic of the m’G cap [6,7]. Additional biophysical and
structural studies will be necessary to determine the precise molecular interactions between
elFAE-RTP and thus, what underpins complex formation.

The biological effects of ribavirin mirror those of elF4E [6,8,33]. In other words, the effects
of ribavirin are generally paralleled by genetic knockdown of el F4E [33,34]. Ribavirin impedes
growth of elF4E dependent xenografts using FaDu cells [35] and in another model, impedes
the number and size of liver metastases when colon 38 adenocarcinoma cells were injected
into the spleen [35]. Ribavirin impairs elF4E mediated apoptotic rescue of serum-deprived
fibroblasts [6,33] and leads to cell cycle arrest, rather that apoptosis, at least in the contexts
examined thus far. elF4E promotes Akt phosphorylation (and thus signalling) via its effects
on gene expression. Consistently, ribavirin treatment leads to reduced Akt phosphorylation
and reduced expression of elF4E target genes, similar to results observed when elF4E is
genetically knocked-down [8,33,34]. Re-localization of nuclear elF4E to the cytoplasm as a
function of treatment with either ribavirin or the m’G cap was observed in cell lines and patients
specimens, and is associated with inhibition of the nuclear functions of elFAE [6,24].
Biochemically, ribavirin reduces the translation efficiency of transcripts that are enhanced by
elF4E such as VEGF and ODC and inhibits elF4E dependent nuclear mRNA export [6]. All
of these effects are readily observable with low micromolar ribavirin which is within the range
for its dissociation constant for elFAE and achievable clinically [6,7].
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M4/M5 AML specimens are characterized by elevated levels of elF4E [8,13,14]. Note that
monocytes from healthy individuals do not have higher elF4E levels than other cell types such
as granulocytes, PBMCs or CD34+ cells [13]. Treatment of M4/M5 AML specimens with 1-10
uM ribavirin led to significant impairment of colony growth in methylcellulose [6].
Importantly, ribavirin, in this concentration range, did not substantially affect the growth of
normal CD34+ cells or blasts isolated from M1/M2 AML patients which had normal elF4E
levels as verified by western and/or RNA analysis. Ribavirin did effect growth of these latter
groups only in the 100+ micromolar range [6]. These studies strongly suggest that M4/M5
AML specimens have developed an oncogene addiction to, or dependency on, elF4E [6]. This
is consistent with more recently reported findings that prostate cancer cells with elevated elFAE
were more sensitive to knockdown of elF4E than normal cells [36].

Ribavirin treatment targets elF4E and leads to clinical benefitin poor prognosis AML patients

The above findings led us to investigate whether ribavirin treatment could beneficially impact
M4 and M5 AML patients or other subtypes with high elFAE levels. Thus, a phase Il clinical
trial was carried out to monitor the response to ribavirin monotherapy in refractory patients,
relapsed patients or patients unable to undergo traditional chemotherapy regimens [8]. Patients
received oral ribavirin daily starting at doses of 1000 mg/day with escalation to 2800 mg/day
as necessary. One complete remission, two partial remissions, two blast responses and four
stable diseases out of 11 evaluable patients were observed [8]. Two patients rapidly progressed.
Best responses were observed at around 28 days. Responding patients typically became
resistant by 4 months treatment; however, one patient continued response for 9 months.
Previous reports suggested that ribavirin treatment could induce hemolytic anemia. This was
never observed in this patient population [8]. Further, no other therapy related toxicities were
observed for any patients in the trial, even after 9 months of treatment [8].

Molecular analyses indicated that ribavirin targeted elF4E activity in patients [8]. Specimens
were isolated at 28-day intervals, blasts and early blood progenitors isolated by flow cytometry,
and elF4E activity was monitored. Prior to therapy, specimens were characterized by not only
elevated levels of elF4E, but also a strong nuclear localization of elF4E. This is consistent with
previous observations in tissue bank specimens [13,14]. As expected, ribavirin treatment led
to a dramatic re-localization of elF4E in specimens from patients that responded [8] which will
impact elF4E activity. After 28 days of treatment, elFAE was substantially re-localized to the
cytoplasm, consistent with cell line data. For most patients, this effect is most striking at 56
days of treatment. Further, there was striking reduction in elF4E RNA and protein levels after
28 days [8]. Both the reduction of elF4E and its re-localization led to a phenotype nearly
indistinguishable from normal cells (in terms of elF4E) [8]. Continuous culturing of FaDu cell
lines in ribavirin for over 200 days does not lead to any reduction in elF4E levels (our
unpublished observations) nor was this observed in shorter treatment times in FaDu or other
cell lines tested [6]. Thus, the reduction of elF4E was surprising but likely yielded an
unexpected clinical benefit. It seems that ribavirin targets a subset of leukemic blasts that rely
more heavily on expression of elF4E, and that a new population emerges after treatment. We
observed that flow cytometric markers for the blast population were altered during treatment,
supporting this notion.

We also assessed elF4E activity during the course of treatment [8]. We observe a substantial
reduction in cyclin D1 and NBS1 proteins levels, which is consistent with the inhibition of
elF4E activity and reduction in its levels. Further, we observed reduced phospho-Akt levels at
28 days, consistent with our previous preclinical studies [33]. In one patient we had sufficient
material to analyze mMRNA export and observed that both NBS1 and cyclin D1 mRNA export
were inhibited after 28 days of treatment by about 9 fold (Supplemental Figure 1 in [8]). We
did not have sufficient material to directly monitor translational efficiency in any patient, as
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this assay requires approximately 500 mg of blast cells, but given our preclinical data would
expect this to be impaired for elF4E sensitive transcripts. In summary, our molecular analyses
indicated that ribavirin targeted elF4E within the first 28 days of treatment and that this
correlated with clinical response. This is the first example of targeting RNA export or elF4E
in patients [8].

Ribavirin resistance and non-responding patients

For responding patients, a loss of clinical response around 4 months of treatment was observed,
with the exception of one patient who continued to respond for 9 months [8]. At the molecular
level, loss of response correlated with re-entry of elF4E into the nucleus; however, elF4E RNA
and protein levels did not increase relative to the initial drops observed in the first 28 days
(Supplemental Table 1 in [8]). Thus, resistance was associated with re-entry of elF4E into the
nucleus, rather than up-regulation of elF4E protein levels.

Two patients had rapidly progressing disease [8]. One of these patients died during the first 28
days and thus no specimen was obtained. For the other patient, elIF4E levels were unexpectedly
elevated at 28 days of treatment relative to the before treatment specimen. Further, elFAE
protein was not re-distributed to the cytoplasm. Thus, at least in this one case, it appears that
lack of clinical response is correlated with no reduction in elF4E levels and no redistribution
of elF4E [8].

Ribavirin combination therapy for AML treatment

Although there was a substantial clinical benefit to ribavirin monotherapy in these patients; it
is important to increase the frequency and duration of clinical responses. Thus, we are
examining the clinical benefit of combining ribavirin with known chemotherapy regimens (BC
and KLBB, in preparation). Our preliminary studies indicate that ribavirin in combination with
low dose cytarabine leads to reduced colony growth in primary AML specimens (KLBB and
BC, in preparation). This led to the opening of a Phase I/11 clinical trial to investigate the
efficacy of this treatment combination in poor prognosis M4/M5 AML (Clinicaltrials.gov
NTC01056523; www.ribatrial.com). Ongoing studies of combination therapies suggest that
ribavirin will cooperate with a wide variety of commonly used agents (our unpublished
observations). Thus, ribavirin may become a commonly added adjuvant to many treatment
regimens.

Inosine monophosphate dehydrogenase inhibition and ribavirin

IMPDH catalyzes a key enzymatic reaction in the guanosine biosynthesis pathway where it
converts inosine monophosphate to xanthine monophosphate [37]. IMPDH is the rate-limiting
step of de novo GTP biosynthesis [37]. Ribavirin monophosphate (RMP) was observed to
inhibit IMPDH activity [38,39]. Importantly, the generally more abundant ribavirin metabolite
RTP (see metabolism section) cannot bind IMPDH. It is generally accepted that the effects of
ribavirin on IMPDH are unlikely to play a major role in its anti-viral effects. This is based, in
part, on the finding that analogues of ribavirin such as tiazofurin are potent IMPDH inhibitors
but have no broad spectrum anti-viral activity [4]. However, there are some viruses, such as
Orthopox and Sindbis virus that are sensitive to the IMPDH inhibitor mycophenolic acid,
suggesting that in some circumstances, IMPDH inhibition may have an anti-viral effect [5].

The early studies examining the cytotoxic/cytostatic effects of ribavirin on uninfected
mammalian cells focused on IMPDH activity. Ribavirin concentrations of 65 uM were required
for 50% reduction in P388 cell growth [40]. However, the Ki for RMP mediated inhibition of
IMPDH was approximately 2-4 uM in these cells [40]. Thus, there seems to be no relationship
between cytotoxicity and IMPDH inhibition in these cells. Alternatively, these cells may
produce very little RMP relative to RTP. Ribavirin also inhibits growth of mouse T-lymphoma
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(S-49) cells [41]. 10 uM ribavirin was required to achieve 50% growth inhibition. Counter-
intuitively, guanosine addition, which should reverse the effects of IMPDH inhibitors,
increased the cytotoxicity of ribavirin [41]. This strongly suggests that there are important cell
type specific differences that sensitize cells to inhibition by ribavirin and that there are IMPDH
independent mechanisms of ribavirin activity.

A chemical analogue of ribavirin, tiazofurin, is a potent IMPDH inhibitor [4]. Tiazofurin
inhibits IMPDH activity in blast crisis CML patients leading to transient clinical benefit
[42-44]. Interestingly, tiazofurin treatment also leads to increases in IMPDH RNA levels in
these patients, suggesting some sort of compensatory mechanism is activated due to the
inhibition of IMPDH [42-44]. Unfortunately, tiazofurin treatment is associated with significant
treatment toxicity [43,44]. Given that blast crisis CML is characterized by elevated elFAE levels
[13] and given the chemical similarity between ribavirin and tiazofurin, studies to determine
if there is a link between the inhibition of elF4E and the inhibition of IMPDH were carried out
[33]. First, a comparison of the effects of ribavirin and tiazofurin on elF4E-mediated
transformation was carried out. 1 uM Tiazofurin failed to inhibit anchorage dependent growth
of fibroblasts overexpressing elFAE or in a head and neck (FaDu) cell line with elevated elF4E
levels; whereas 1 uM ribavirin substantially inhibited these. Further, 1 pM ribavirin was
sufficient to impair export of model elF4E sensitive RNAs and to reduce phospho-Akt
activation, whereas 1 pM tiazofurin did not. In addition, at 1 uM ribavirin, very little inhibition
of IMPDH was observed in these cells, whereas substantial inhibition of IMPDH by tiazofurin
was observed. 10 uM tiazofurin treatment increased IMPDH mRNA levels in THP-1 cells
whereas 10 uM ribavirin did not affect these levels (unpublished observations). Although these
compounds have chemically similar structures, tiazofurin and ribavirin are metabolized in
distinct ways. Tiazofurin is converted to tiazofurin adenine dinucleotide (TAD) whereas
ribavirin is metabolized to RTP (see below). These differences likely underlie their distinct
activities. Further, ribavirin and tiazofurin synergize to inhibit cell growth [45] and to reduce
experimental autoimmune encephalomyelitis [46], suggesting that they target different cellular
machinery.

In summary, the ability to inhibit IMPDH was not sufficient to inhibit elFAE activity. It is still
possible that ribavirin can beneficially target elF4E in AML patients because of a combination
of its effects on elFAE and IMPDH. Further, the extent to which the IMPDH versus elF4E
mechanisms contribute to ribavirin activity likely relies on cell type- and species- specific
effects on ribavirin metabolism.

Immune modulation by ribavirin

The role of ribavirin in immune modulation is covered in detail elsewhere (in [2,4]) and thus
will only be briefly described here. The immune-modulatory effects of ribavirin are observed
in the low micromolar concentration range [2,4]. The role of immune modulation was first
explored in the HCV clinical setting. A comparison of patients receiving ribavirin and
interferon rather than interferon alone indicated that there was a switching froma Th2 toa Thl
cytokine bias [47]. Ribavirin caused a shift from Th2 to Thl cytokine profile in vivo and in
mast cell mediator release stimulated by IgE [2,4]. Ribavirin treatment leads to increased I1L-12
synthesis and reduced IL-10 production [48]. The DCs modulated by ribavirin reduced Th2
type response and alleviated airway inflammation [48]. This is consistent with a repression of
Th2 and enhancement of Th1l mediated pathways. Together with other similar studies, these
findings could position ribavirin as an adjuvant in immunotherapies. Further, in RSV infected
Ab549 cells, ribavirin was shown to decrease RSV mediated NFxB activation [49]. RSV induces
IL-8 release whereas ribavirin partially reverts these effects. Here, background levels of
NF«B activation were reduced by ribavirin in uninfected cells[49]. elF4E, via its affects on
Akt signalling [34] or through other pathways, could impact on NFkB signalling. Although
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discussed separately, clearly the molecular effects of ribavirin on elF4E and/or IMPDH could
underpin its effects on immunity. Alternatively, these effects could be based on a yet
undescribed activity.

Uptake and metabolism of ribavirin

Plasma levels of ribavirin were generally observed to be between 10-20 uM when AML patients
received in the range of 2000 mg/day of oral ribavirin [8]. HCV patients which receive about
1000 mg/day have plasma levels in the 9 uM range [50]. No therapy related toxicity was noted
at these ribavirin concentrations in AML patients [8]. Oral ribavirin is readily absorbed into
the circulation by gastrointestinal sodium nucleoside purine (N1) transporters in the jejunum
[51].

Ribavirin is likely transported into nearly all human cell types as it is transported via
nitrobenzylthioinosine-sensitive (es) nucleoside transporters, which appear widely expressed
[52]. Initial studies focused on uptake by the ENT1 receptor but more recent findings suggest
that ribavirin is also taken up by concentrative nucleoside transporters and at low ribavirin
concentrations, sodium co-transport could be important [52,53]. Once in the cell, ribavirin is
metabolized into RMP, ribavirin diphosphate (RDP) and RTP [4]. The initial phosphorylation
event is through adenosine kinase [54] with cytosolic 5’-nucleotidase 11 also playing a role
[55]. Giventhe levels of adenosine kinase vary amongst tissues [56], one might expect variation
in phosphorylation efficiency and thus ratio of phosphate metabolites. Importantly, no
phosphorylated forms of ribavirin are observed in plasma, urine or excreted by cells in culture
[57,58]. Thus, ribavirin must be dephosphorylated in order to leave the cell. Although RTP is
generally considered the active metabolite of ribavirin, it is not cell permeable.

Intracellular levels of ribavirin and its metabolites depend on several factors including (but not
limited to): levels of ribavirin in the extracellular media, time of incubation, tissue and species
origin of cells. For instance, human fibroblasts have an RMP:RDP:RTP ratio of 4.6:1:40 human
fibroblasts, human lymphoblasts 2.7:1:7.8 and human erythrocytes 1:5.1:17 [57]. Human
erythrocytes do not have the phosphatases required for dephosphorylating RTP, and thus RTP
can accumulate in these cells leading to lysis and consequently to hemolytic anemia [57]. In
contrast, rat erythrocytes do not accumulate RTP and thus seem to have the appropriate
phosphatase(s) for its conversion [58,59]. Presumably this is why hemolytic anemia is not
observed in rats. Further highlighting tissue specific differences, the half-life for ribavirin is
tissue specific with the longest in the spleen followed by kidney, liver, and lung in rats [58,
60].

To determine the mechanisms of action most likely to contribute to ribavirin’s anticancer
activities, it is imperative to know the intracellular levels of the ribavirin metabolites and the
kinetics of uptake and extrusion. In the presence of 30 micromolar extracellular concentrations
of ribavirin, maximal RTP concentrations were achieved at approximately 8 hours and fell off
dramatically after 24 hours in MA-104 cells [61]. Catabolism of RTP was rapid with it being
almost entirely absent by 4 hours after drug was removed from the media [61]. This has
important implications for experimental designs that include changing the cell media as this
may lead to depletion of intracellular drug.

Many reports have focused on determining the intracellular concentrations of ribavirin. At 30
uM extracellular ribavirin in MA-104 cells, one study reports concentrations of 20 pM for
RMP, 7 uM RDP and 156 pM RTP after 8 hours of incubation [61]. Incubation of 35 uM
ribavirin with human skin fibroblasts, lymphoblasts and erythrocytes for 1 to 6 hours concluded
that the maximum intracellular concentrations of RTP was 1-3% of cellular ATP [57]. Given
that intracellular ATP levels are in the low millimolar range [60], this suggests approximately
10-20 uM intracellular RTP. In another study, 1 hour incubation of L5178 cells with 1 mM
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ribavirin suggested that more than 500 uM ribavirin was present [62] whereas 8 hour incubation
of MA-104 cells with 300 uM ribavirin led to RTP levels in the 7 mM range [61]. However,
given the way in which equilibrative transporters work, it is impossible to have intracellular
ribavirin concentrations higher than extracellular concentrations in cells that can
dephosphorylate ribavirin [50]. Importantly, extracellular concentrations over 100 uM
ribavirin, and probably over 50 uM, are not clinically relevant. The highest plasma levels of
ribavirin we observed in a leukemia patient were 36 pM, when the patient received 2800 mg/
day of oral ribavirin [8]. Thus differences in measurement methodologies, incubation times,
extracellular concentrations and cell types likely all contribute to the broad range of
intracellular RTP concentrations reported.

It is unknown how the metabolism of ribavirin will be altered in the context of cancer cells.
Certainly, cancer cells have many metabolic differences versus their normal counterparts. One
would also anticipate that there could be large variation amongst different types of cancer cells
in this regard. Further, metabolism of ribavirin could be modulated by the presence of other
chemotherapeutic drugs. This will be an important future direction of investigation.

Differences between viral and human effects of ribavirin

Clearly, the extensive viral literature is positioned to aide in the understanding of the mode of
action of ribavirin in uninfected cells. It is unlikely that ribavirin will have one general
mechanism of viral inhibition, but rather that there will be different activities that effect viruses
in distinct manners [5]. Consistent with this is the observation that the anti-viral effects of
ribavirin against the same virus can be cell type dependent [63]. One general viral mechanism
of action proposed for ribavirin is its mis-incorporation into viral RNA leading to error
catastrophe. This mechanism is covered by many comprehensive reviews (e.g. [2,4]) and we
only mention the relevance to cellular RNAs here. Importantly, ribavirin is not significantly
incorporated into the RNA of human cells. For instance, there is no ribavirin incorporation into
RNA of L5178Y cells even when incubated with 250 puM ribavirin for 3 hours [62]. These and
other reports suggest that ribavirin and RTP are not substrates for RNA polymerase | or 11 or
polyA-polymerase [5]. Further, ribavirin is not incorporated into cellular DNA [62]. At 30
uM extracellular concentrations and short incubation times, ribavirin treatment did not lead to
areduction in DNA or RNA synthesis [41]. Examination of RNA levels suggests that ribavirin
treatment, even at high levels, does not globally modulate the transcriptome in PBMCs, at least
after short incubation times (24 hours and 40 uM ribavirin) [64].

Early studies suggest that ribavirin can be misincorporated as the m’G cap on viral RNAs
[65]. Here, millimolar levels of RMP or ribavirin were required for complete incorporation
whereas 50-75 uM RTP was required for approximately 45% incorporation of radiolabelled
ribavirin into vaccinia transcript caps in mouse L929 cell lysates [65]. However, in human
cells, no radiolabelled ribavirin is incorporated into cellular RNA in L5178Y cells suggesting
that ribavirin is not incorporated into the cap of these transcripts, at least at physiologically
relevant concentrations of ribavirin [62]. Finally, whether or not the ability of RTP to inhibit
elF4E activity plays a role in its anti-viral activities remains to be examined. In summary,
ribavirin treatment does not appear to lead to error catastrophe, misincorporation of RTP as
the MRNA cap, impair RNA or DNA synthesis, or inhibit RNA or polyA polymerases in
uninfected mammalian cells.

Conclusion

Like many small molecules, the effects of ribavirin are expected to be somewhat pleiotropic.
Ribavirin targets at least two distinct biochemical entities: eIF4E and IMPDH. Ribavirin clearly
targets the oncogenic activity of elF4E in cell lines, in animal models, and in AML patients.

Ribavirin monotherapy led to objective clinical benefit in many of these patients. The effects
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of ribavirin on the immune system, and whether these are mediated through elFAE and/or
IMPDH, may also play a role in its anti-cancer activities in AML patients. Given that elF4E
is up-regulated in over 30% of cancers, the hope is that ribavirin will become an important
component in a wide variety of treatment regimens. Many tissue specific factors will likely
profoundly influence the utility of ribavirin as a more broadly used anti-cancer drug. These
factors include rate of ribavirin influx/efflux in given tissues as well as the steady state levels
of RTP. Indeed, these may also influence the anti-viral properties of ribavirin. Further, the
modified energetic state of the cancer cell may modulate these processes and vary amongst
cancer types in unexpected ways. The development of most effective combination strategies,
determination of whether ribavirin can be used as a frontline adjuvant and the means by which
to overcome resistance to ribavirin will likely also be tissue and cancer specific. These will be
areas of intense future work.
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Figure 1. 3H ribavirin associates with elF4E in living cells

A. 0.7 uM 3H ribavirin was incubated with elF4E for 24 hours, FaDu cells were washed,
crosslinked with formaldehyde (1% formaldehyde for 15 minutes), lysed and
immunoprecipitated (IP) with 1gG or anti-elF4E antibody according to [66]. The ribavirin was
tritiated at the 5 position of the triazole ring (Moravek Pharmaceuticals). The extent of ribavirin
binding was assessed by scintillation counting. Note that IPs were washed six times prior to
scintillation counting and the sixth wash (W) was also examined for 3H ribavirin content. B.
Western blot analysis confirmed that elF4E was present in the elFAE IP but not in the 1gG
control. These are taken from the same cells used for scintillation counting.
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Table |

Cancers characterized by elevated elF4E

staining than adjacent normal bronchial mucosa.
According to subtypes elF4E was positive in
88% of adenocarcinoma and 100% cases of
squamous cell carcinomas.

Type Incidence and fold of elF4E over-expression Reference
Leukemia-AML M4/M5 elF4E protein and mRNA were highly elevated [13] [8]
and bcCML in all analyzed samples (in patients 3-8 fold)
Hodgkin lymphoma By immunohistochemistry elF4E is elevated in [67]
69% of nodular sclerosis HL, 75% mixed
cellularity HL, and 91% lymphocyte predominant
HL
Non- Hodgkin >2 fold (by immunohistochemistry) [68]
1
lymphoma High elF4E expression was found in 40% [69]
mantle cell lymphoma (MCL) tumors by
immunocytochemistry.
Head and Neck cancers 2 | Tumor: 4-24x increased protein levels (also [70,71]
showing gene amplification 2-7x)
Tumor: 3-22x increased protein levels in all of [72]
analyzed samples
Surgical margin: 3-10x increased protein levels [73]
Breast carcinoma 3 3-23x increased protein levels (also showing [74]
gene amplification 2-6x)
>14x increased protein levels [75]
9.5+6.1x increased protein levels for node- [76]
negative breast cancers
12.5+7.6x increased protein levels [77]
3-30x increased protein levels in invasive [78]
infiltrating ductal carcinoma, and 2.5x for ductal
carcinoma in situ
1.9-30.6x increased protein levels [79]
2.4-34.3x increased protein levels for node [80]
positive breast cancers
Colorectal adenomas 2-6x increased protein levels in tumor samples, [81]
and carcinomas and even more in tumor margins.
Gastric adenocarcinoma 2-38x increased protein levels [82]
Pancreatic ductal 85% of samples showed high elF4E staining in [83]
adenocarcinoma 4 cancer tissue
Lung carcinomas 2 Bronchioalveolar carcinoma: 3-8x higher levels [84]
estimated by immunohistochemistry.
Atypical adenomatous hyperplasia and [85]
peripheral lung adenocarcinomas showed 3.4-
7.4 fold protein elevation
54% of lung adenocarcinoma samples showed [86]
high elF4E expression by immunostaining.
Analyses of mMRNA and protein from tumor
tissues showed 6-10x elevation compared to
surrounding normal tissues.
81% of non small cell lung cancer (NSCLC) [87]
samples from tissue microarray showed
elevated elF4E immunostaining.
91% of NSCLC samples showed stronger elF4E [88]
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Type Incidence and fold of elF4E over-expression Reference
Bladder cancers 4-10x increased protein and mRNA levels. [89]
Brain tumors >3x increased protein levels, being highest in [90]
(oligodendroglial, oligodendroglial tumors.

astrocytomas and
meningiomas)

Glioblastoma In tissue microarray 48% of samples showed [87]

multiforme elevated elF4E immunohistainig.

Prostatic >3x increased protein levels [91]

adenocarcinomas - -
78% of tissue microarray samples showed [87]
elevated elF4E.

Thyroid carcinoma Elevated immunostaining especially in [92]
aggressive types.

Cervical cancers 6 2-4x (by immunohistochemistry) [93]
7x increased mRNA levels. [94]
Strong immunostaining of elF4E found in 21.1% [95]

low grade cervical interepitelial neoplasias (CIN)
and in 89.5% of high grade CIN and none in the
normal squamous epithelium of control cases.
100% of invasive squamous cell carcinoma
showed strong elFAE immunostaining, while
mMRNA was 2-4x elevated comparing to normal

samples.
Ovarian cancers In tissue microarray 50% of samples showed [87]
elevated elF4E
Increased p-elF4E in 56% analyzed samples [96]
Melanoma In tissue microarray 59% of samples showed [87]

elevated elF4E

AML, acute myeloid leukemia; bcCML, blast crisis chronic myeloid leukemia; HL, Hodgkin lymphoma; MCL, mantle cell ymphoma; R-hyperCVAD,
rituximab with hyperfractionated cyclophosphamide, vincristine, doxorubicin, dexamethasone, methotrexate, and cytarabine.

elF4E is an independent predictor of clinical outcome in MCL patients treated with the R-hyper CVAD regimen.

Patients with elF4E elevation in surgical margins have higher cancer recurrence [72].
3eIF4E is independent prognostic marker for cancer recurrence (also independent of nodal status). Patients with 7-14x elevated elF4E had 4x higher
risk for cancer recurrence, and patients with more than 14x elevated elF4E had 7.2 higher risk. As for HNC, patients with elF4E elevation in tumor-

free surgical margins had a cancer recurrence of 56%, comparing to elF4E negative group where it was 6.9% [75,79]. There were no correlation
between node stage and the degree of 4E overexpression [80].

There was no significant correlation between elF4E expression and age, gender, histopathological grading, lymphatic invasion or lymph node
metastasis. Also, there were no significant differences between the high elFAE expressing group and either the low or moderate elFAE expressing
groups [83].

5Patients with elF4E had more than 3 times risk of death than those with negative elF4E [88],

6No significant difference was found between HPV+ and HPV-negative, single or double infected samples [93].
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